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METHOD FOR PRODUCING AQUEOUS 
COMPATIBLE NANOPARTICLES 

RELATED APPLICATIONS 

[0001] This application claims the bene?t of and priority to 
co-pending U.S. Provisional Patent Application Ser. No. 
61/082,335, ?led Jul. 21, 2008, the entire content ofWhich is 
incorporated herein by reference. This application also claims 
the bene?t of GB 0813273.0 ?led Jul. 19, 2008, the entire 
content of Which is incorporated herein by reference. 

FIELD OF THE INVENTION 

[0002] The present invention relates to the synthesis of 
aqueous compatible nanoparticles, particularly, but not 
exclusively, semiconductor nanoparticles, such as core, core/ 
shell or core/multishell semiconductor nanoparticles that can 
be substantially dispersed or dissolved in aqueous media. 

BACKGROUND 

[0003] Fluorescent organic molecules typically suffer from 
disadvantages that include photo-bleaching, different excita 
tion irradiation frequencies, and broad emissions. HoWever, 
the substitution of ?uorescent organic molecules With quan 
tum dot semiconductor nanoparticles may circumvent these 
limitations. 
[0004] The siZe of a semiconductor nanoparticle dictates 
the electronic properties of the material, With the band gap 
energy being inversely proportional to the siZe of the semi 
conductor nanoparticles as a consequence of quantum con 
?nement effects. Different-sized quantum dots may be 
excited by irradiation With a single Wavelength of light to give 
a discrete ?uorescence emission of narroW band Width. Fur 
ther, the large surface-area-to-volume ratio of the nanopar 
ticle typically has a profound impact upon the physical and 
chemical properties of the quantum dot. 
[0005] Nanoparticles that include a single semiconductor 
material usually have modest physical/ chemical stability and 
consequently relatively loW ?uorescence quantum ef?cien 
cies. These loW quantum e?iciencies arise from non-radiative 
electron-hole recombinations that occur at defects and dan 
gling bonds at the surface of the nanoparticle. 
[0006] Core-shell nanoparticles comprise a semiconductor 
core With a shell material of typically Wider band-gap and 
similar lattice dimensions groWn epitaxially on the surface of 
the core. The shell reduces defects and dangling bonds from 
the surface of the core, that con?nes charge carriers Within the 
core and aWay from surface states that may function as cen 
ters for non-radiative recombination. More recently, the 
architecture of semiconductor nanoparticles has been further 
developed to include core/multishell nanoparticles in Which 
the core semiconductor material is provided With tWo or more 
shell layers to further enhance the physical, chemical and/or 
optical properties of the nanoparticles. 
[0007] The surfaces of core and core/(multi)shell semicon 
ductor nanoparticles often possess highly reactive dangling 
bonds that may be passivated by coordination of a suitable 
ligand, such as an organic ligand compound. The ligand com 
pound is typically either dissolved in an inert solvent or 
employed as the solvent in the nanoparticle core groWth and/ 
or shelling procedures that are used to synthesise the quantum 
dots. Either Way, the ligand compound chelates the surface of 
the quantum dot by donating lone pair electrons to the surface 
metal atoms, Which tends to inhibit aggregation of the par 
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ticles, protect the particle from its surrounding chemical envi 
ronment, provide electronic stabilisation, and may impart 
solubility in relatively non-polar media. 
[0008] The Widespread application of quantum dot nano 
particles in aqueous environments (i.e., media comprised pri 
marily of Water) has been restricted by the incompatibility of 
quantum dots With aqueous media, that is, the inability to 
form stable systems With quantum dots dispersed or dissolved 
in aqueous media. Consequently, a series of surface modi? 
cation procedures have been developed to render quantum 
dots aqueous compatible, i.e., dots that may disperse homo 
geneously in Water or media comprised primarily of Water. 
[0009] A procedure Widely used to modify the surface of a 
quantum dot is knoWn as “ligand exchange.” Lipophilic 
ligand molecules that inadvertently coordinate to the surface 
of the quantum dot during core synthesis and/or shelling 
procedures are subsequently exchanged With a polar/charged 
ligand compound of choice. 
[0010] An alternative surface modi?cation strategy 
interchelates polar/charged molecules or polymer molecules 
With the ligand molecules that are already coordinated to the 
surface of the quantum dot. 
[0011] Current ligand exchange and interchelation proce 
dures may render the quantum dot nanoparticles compatible 
With aqueous media but typically result in materials of loWer 
quantum yield and/or substantially larger siZe than the corre 
sponding unmodi?ed quantum dot. 

SUMMARY 

[0012] Embodiments of the present invention may obviate 
or mitigate one or more of the challenges discussed above 
With current methods for producing aqueous compatible 
nanoparticles. 
[0013] Some embodiments of the invention pertain to a 
method for producing aqueous compatible nanoparticles 
using a nanoparticle binding ligand incorporating a nanopar 
ticle binding group and a solubilising group precursor. The 
solubilising group precursor is converted to a solubilising 
group. Nanoparticles are contacted With a binding ligand 
incorporating the solubilising group so as to effect binding of 
the binding ligand to the nanoparticles and thereby produce 
the aqueous compatible nanoparticles. 
[0014] One or more of the folloWing features may be 
included. The conversion of the solubilising group precursor 
may be effected by several methods, e.g., by contacting the 
nanoparticle binding ligand With a su?icient amount of a 
precursor modifying agent to convert substantially all of the 
solubilising group precursors present in the binding ligand to 
solubilising groups. 
[0015] The conversion of the solubilising group precursor 
may also be effected by contacting the nanoparticle binding 
ligand With an approximately stoichiometric amount of a 
precursor modifying agent based on the amount of solubilis 
ing group precursor present in the binding ligand. 
[0016] Moreover, the conversion of the solubilising group 
precursor may be effected by treating the precursor With an 
ioniZing agent and/or at least one of a LeWis acid or a LeWis 
base compound and/ or an organic base and/ or at least one of 
an ammonium salt or an alkoxide salt. The ammonium salt 
may be, e.g., tetramethylammonium hydroxide, tetraethy 
lammonium hydroxide and/or tetrabutylammonium hydrox 
ide. 
[0017] The conversion of the solubilising group precursor 
may be effected in a ?rst solvent and contacting the nanopar 
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ticles With the nanoparticle binding ligand incorporating the 
solubilising group may be effected in a separate second sol 
vent. 

[0018] The solubilising group precursor may include an 
ionisable group. The solubilising group precursor may 
include sulfur, nitrogen, oxygen, and/or phosphorous atoms. 
The solubilising group precursor may be hydroxide, alkox 
ide, carboxylic acid, carboxylate ester, amine, nitro, polyeth 
yleneglycol, sulfonic acid, sulfonate ester, phosphoric acid, 
and/ or phosphate ester. 
[0019] The solubilising group may be a charged or a polar 
group. In some embodiments, the solubilising group may be 
a hydroxide salt, alkoxide salt, carboxylate salt, ammonium 
salt, sulfonate salt, and/or a phosphate salt. In still other 
embodiments, the nanoparticle binding group may be a LeWis 
base. 
[0020] The nanoparticle binding group may include a sul 
fur, nitrogen, oxygen and/or phosphorous atom. In some 
embodiments, the nanoparticle binding group may include a 
thio group, an amino group, an oxo group, and/or a phospho 
group. 
[0021] The nanoparticle binding group and the solubilising 
group may be connected via a linker, such as a covalent bond; 
a carbon, nitrogen, oxygen or sulfur atom; a substituted or 
unsubstituted, saturated or unsaturated aliphatic or alicyclic 
group; and/ or a substituted or unsubstituted aromatic group. 
[0022] The linker may incorporate one or more ethylene 
oxide repeating units. For example, the linker may incorpo 
rate up to around 2000 ethylene oxide repeating units, e.g., 
around 20 to around 100 ethylene oxide repeating units. 
[0023] The ligand incorporating the solubilising group pre 
cursor may be a mercaptocarboxylic acid. The mercaptocar 
boxylic acid may incorporate one or more ethylene oxide 
repeating units, e. g., up to around 2000 ethylene oxide repeat 
ing units, such as around 20 to around 100 ethylene oxide 
repeating units. The mercaptocarboxylic acid may incorpo 
rate a functional group such as an amine group and/or an 

amide group. 
[0024] The nanoparticles contacted by the binding ligand 
may be semiconductor nanoparticles. The nanoparticles may 
include one or more semiconductor materials, such as CdS, 

CdSe, CdTe, ZnS, ZnSe, ZnTe, InP, InAs, InSb, AlP, AlS, 
AlAs,AlSb, GaN, GaP, GaAs, GaSb, PbS, PbSe, Si, Ge, MgS, 
MgSe, MgTe and combinations thereof. The nanoparticles 
contacted by the binding ligand may be core, core/ shell or 
core/multishell nanoparticles. 
[0025] An aqueous compatible nanoparticle may be pro 
duced by using the methods described above, the aqueous 
compatible nanoparticle including a nanoparticle bound to a 
nanoparticle binding ligand, the ligand incorporating a nano 
particle binding group and a solubilising group. 
[0026] Some embodiments of the invention pertain to an 
aqueous compatible nanoparticle including a nanoparticle 
bound to a mercaptocarboxylic acid incorporating one or 
more ethylene oxide repeating units. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0027] FIG. 1 is a non-exhaustive list of exemplary multi 
dentate groups; 
[0028] FIG. 2 is an absorption spectrum of CdSe/CdZnS/ 
ZnS/HDA-TOPO semiconductor nanoparticles that may be 
modi?ed using a method according to an embodiment of the 
present invention to render the nanoparticles aqueous com 
patible (see Example 1); 
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[0029] FIG. 3 is an emission spectrum of CdSe/CdZnS/ 
ZnS/HDA-TOPO semiconductor nanoparticles that may be 
modi?ed using a method according to an embodiment of the 
present invention to render the nanoparticles aqueous com 
patible (see Example 1); 
[0030] FIG. 4 is an emission spectrum of CdSe/CdZnS/ 
ZnS/Bu4N"_SCH2CH(NH2)CO2_"NBu4 aqueous compat 
ible semiconductor nanoparticles that have been modi?ed 
using a method according to an embodiment of the present 
invention to bestoW aqueous compatibility to the nanopar 
ticles (see Example 1); 
[0031] FIG. 5 is a 1H-NMR spectrum of an exemplary 
ligand, Bu4 +_SCH2CH(NH2)CO2_"NBu4 that may be 
employed in a method according to an embodiment of the 
present invention (see Example 1); 
[0032] FIG. 6 is a 1H-NMR spectrum of CdSe/CdZnS/ZnS/ 
HDA-TOPO semiconductor nanoparticles that may be modi 
?ed using a method according to an embodiment of the 
present invention to render the nanoparticles aqueous com 
patible (see Example 1); 
[0033] FIG. 7 is a 1H-NMR spectrum of CdSe/CdZnS/ZnS/ 
Bu4 +_SCH2CH(NH2)CO2_"NBu4 aqueous compatible 
semiconductor nanoparticles that have been modi?ed using a 
method according to an embodiment of the present invention 
to bestoW aqueous compatibility to the nanoparticles (see 
Example 1); 
[0034] FIG. 8 is an emission spectrum of aqueous compat 
ible InP/ZnS/ZnO semiconductor nanoparticles incorporat 
ing a HS%2H4iCONHi(PEG)niC3H6%O2_"NBu4 
surface binding ligand prepared according to a preferred 
embodiment of the present invention (see Example 2); 
[0035] FIG. 9 is an emission spectrum of aqueous compat 
ible InP/ZnS/ZnO semiconductor nanoparticles incorporat 
ing a Bu4N"_SiC2H4%ONHi(PEG)n%3H6iCO;+ 
NBu4 surface binding ligand prepared according to a 
preferred embodiment of the present invention (see Example 
3); and 
[0036] FIGS. 10A and 10B are photographs of 
HS%2H4iCONHi(PEG)niC3H6%O2_"NBu4 modi 
?ed quantum dots in Water irradiated With ambient light (FIG. 
10A) and 365 nanometer (nm) light (FIG. 10B). 

DETAILED DESCRIPTION 

[0037] According to a ?rst aspect of the present invention, 
a method is provided for producing aqueous compatible 
nanoparticles using a nanoparticle binding ligand incorporat 
ing a nanoparticle binding group and a solubilising group 
precursor, the method including: 

[0038] a. converting the solubilising group precursor to a 
solubilising.group, and 

[0039] b. contacting nanoparticles With the binding 
ligand incorporating the solubilising group so as to 
effect binding of said binding ligand to the nanopar 
ticles. 

[0040] Embodiments of the present invention include a 
method for at least partially coating the surface of nanopar 
ticles With a pre-modi?ed ligand to render the nanoparticles 
aqueous compatible. By modifying the ligand before binding 
to the nanoparticle surface, undesirable and potentially del 
eterious post-binding modi?cation steps are avoided. Quan 
tum dot semiconductor nanoparticles formed in accordance 
With embodiments of the present invention may thus be stably 
dispersed or dissolved in aqueous media, physically/chemi 
cally robust, exhibit high quantum yield, and relatively small 
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in size. The results of Example 1 presented below demon 
strate that the initial quantum yield of aqueous compatible 
quantum dots produced according to embodiments of the 
present invention fell by signi?cantly less than quantum dots 
made of the same semiconductor material but rendered aque 
ous compatible using prior art methods. Moreover, the ?nal 
quantum yield exhibited by the quantum dots produced in 
Example 1 beloW Was increased beyond that of the dots before 
or after addition of the ligand containing the solubilising 
group by subjecting the dots to an appropriate annealing 
process. 
[0041] A second aspect of the present invention provides an 
aqueous compatible nanoparticle produced using the method 
according to the ?rst aspect of the present invention, the 
aqueous compatible nanoparticle including a nanoparticle 
bound to a nanoparticle binding ligand, the ligand incorpo 
rating a nanoparticle binding group and a solubilising group. 
[0042] A third aspect of the present invention provides an 
aqueous compatible nanoparticle including a nanoparticle 
bound to a mercaptocarboxylic acid incorporating one or 
more ethylene oxide repeating units. Preferred mercaptocar 
boxylic acidibased nanoparticle binding ligands are dis 
cussed in more detail beloW. 
[0043] Aqueous compatible quantum dots produced 
according to embodiments of the present invention may be 
employed in many different applications including, but not 
limited to, incorporation into polar solvents (e.g., Water and 
Water-based solvents), electronic devices, inks, polymers, 
glasses or attachment of the quantum dot nanoparticles to 
cells, biomolecules, metals, molecules and the like. 
[0044] A further aspect of the present invention provides 
aqueous compatible nanoparticles, for example quantum dot 
semiconductor nanoparticles, including nanoparticles bound 
to nanoparticle surface binding ligands, each ligand incorpo 
rating a nanoparticle surface binding group and a solubilising 
group. More particularly, the present invention relates to 
quantum dot semiconductor nanoparticles at least partially 
coated With a ligand that imparts aqueous compatibility to the 
nanoparticles and can afford chemical functionality, stability 
and/ or enhanced ?uorescence to the nanoparticles. 
[0045] Prior art post-binding surface treatment procedures 
modify a solubilising group precursor ligand compound 
When bound to the surface of the nanoparticles. 
[0046] Such procedures often result in excess ligand modi 
fying reagent being added inadvertently, Which may be det 
rimental to the desired physical, chemical and/or optical 
properties of the resulting nanoparticles. On other occasions, 
insuf?cient ligand modifying reagent may be added, in Which 
case the bound ligand compound may not be adequately 
modi?ed to bestoW aqueous compatibility to the nanopar 
ticles. 
[0047] Modi?cation of the solubilising group precursor 
ligand compound before contacting With the nanoparticles in 
accordance With embodiments of the present invention has 
the advantage of alloWing the ligand modifying reagent to be 
added to the solubilising group precursor ligand in an appro 
priate stoichiometric amount relative to the amount of ligand, 
thereby avoiding adding too much or too little. Thus, not only 
is the material of the nanoparticles protected from potentially 
deleterious exposure to the ligand modifying agent, but the 
resulting nanoparticles can be puri?ed and analysed using 
conventional solution phase analytical techniques. 
[0048] In some embodiments, the core of the quantum dot 
includes a semiconductor material. The semiconductor mate 
rial may incorporate ions from any one or more of groups 2 to 
16 of the periodic table, including binary, ternary and quater 
nary materials, that is, materials incorporating tWo, three or 
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four different ions respectively. By Way of example, nanopar 
ticles that may be rendered aqueous compatible using the 
method according to the ?rst aspect of the present invention 
may incorporate a core semiconductor material, such as, but 
not limited to, CdS, CdSe, CdTe, ZnS, ZnSe, ZnTe, InP, InAs, 
InSb, AlP, AlS, AlAs, AlSb, GaN, GaP, GaAs, GaSb, PbS, 
PbSe, Si, Ge and combinations thereof. Nanoparticles 
according to some embodiments of the present invention 
preferably possess cores With mean diameters of less than 
around 20 nm, more preferably less than around 15 nm and 
most preferably in the range of around 2 to 5 nm. 

[0049] Quantum dot nanoparticles that comprise a single 
semiconductor material, e.g., CdS, CdSe, ZnS, ZnSe, InP, 
GaN, etc, typically have relatively loW quantum ef?ciencies 
arising from non-radiative electron-hole recombinations that 
occur at defects and dangling bonds at the surface of the 
nanoparticles. In order to at least partially address these 
issues, the nanoparticle cores may be at least partially coated 
With one or more layers (also referred to herein as “shells”) of 
a material different from that of the core, for example a 
semiconductor material. The material comprised in the or 
each shell may incorporate ions from any one or more of 
groups 2 to 16 of the periodic table. Where a nanoparticle 
includes tWo or more shells, each shell is preferably formed of 
a different material. In an exemplary core/ shell material, the 
core is formed of one of the materials speci?ed above and the 
shell is comprised of a semiconductor material of largerband 
gap energy and similar lattice dimensions to the core material. 
Exemplary shell materials include, but are not limited to, ZnS, 
MgS, MgSe, MgTe and GaN. The con?nement of charge 
carriers Within the core and aWay from surface states provides 
quantum dots of greater stability and higher quantum yield. 
[0050] The mean diameter of quantum dot nanoparticles 
that may be rendered aqueous compatible using the method 
ology of embodiments of the present invention, may be varied 
to modify the emission-Wavelength. The energy levels and 
hence the frequency of the quantum dot ?uorescence emis 
sion may be controlled by the material from Which the quan 
tum dot is made and the siZe of the quantum dot. Generally, 
quantum dots made of the same material have a more pro 
nounced red emission the larger the quantum dot. It is pre 
ferred that the quantum dots have diameters of around 1 to 15 
nm, more preferably around 1 to 10 nm. The quantum dots 
preferably emit light having a Wavelength of around 400 to 
900 nm, more preferably around 400 to 700 nm. 

[0051] Typically, as a result of the core and/or shelling 
procedures employed to produce the core, core/ shell or core/ 
multishell nanoparticles, the nanoparticles may be at least 
partially coated With a surface binding ligand, such as myris 
tic acid, hexadecylamine and/or trioctylphosphineoxide. 
Such ligands are typically derived from the solvent in Which 
the core and/or shelling procedures Were carried out. While 
ligands of this type may increase the stability of the nanopar 
ticles in non-polar media, provide electronic stabilisation 
and/or negate undesirable nanoparticle agglomeration, as 
mentioned previously, such ligands tend to prevent the nano 
particles from stably dispersing or dissolving in more polar 
media, such as aqueous solvents. 

[0052] In preferred embodiments, the present invention 
provides quantum dots that are aqueous compatible, stable, 
small and of high quantum yield. Where lipophilic surface 
binding ligand(s) are coordinated to the surface of the quan 
tum dots as a result of the core and/or shelling procedures 
(examples include hexadecylamine, trioctylphosphineoxide, 
myristic acid), such ligands may be exchanged entirely or 
partially With the ligand incorporating the pre-modi?ed, or 
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“activated”, solubilising group, or the pre-modi?ed ligand 
may interchelate With the existing lipophilic surface binding 
ligands. 
[0053] As set out above in respect of the ?rst aspect of the 
present invention, prior to modifying or activating the solu 
bilising ligand, the ligand incorporates a solubilising group 
precursor as Well as a nanoparticle binding group. It is pre 
ferred that the solubilising group precursor contains an ion 
isable group, that is, a chemical group that can be ionised by 
treatment With a suitable agent (e. g., an ionising agent). It Will 
be appreciated that converting the ionisable precursor group 
to an ionised group increases the ability of that group to at 
least partially solubilise the nanoparticle to Which the ligand 
Will be bound in polar media, such as aqueous solvents. 
[0054] The solubilising group precursor may be any desir 
able type of chemical group, provided it can be converted to 
a solubilising group of increased solubilising ability in com 
parison to the precursor group. In this Way, converting the 
precursor group to the solubilising group before contacting 
the nanoparticles With the ligand containing the solubilising 
group helps avoid the need to treat the ligands When bound to 
the surface of the nanoparticles to render the nanoparticles 
aqueous compatible. Embodiments of the method of the 
present invention therefore provide a Way to increase the 
aqueous compatibility of nanoparticles Whilst avoiding or 
reducing detriment to the desired physical, chemical and/or 
optical properties of the nanoparticles that may occur When 
using prior art post-binding surface treatment procedures to 
render the nanoparticles aqueous compatible. 
[0055] Taking into account the above requirements, any 
suitable solubilising group precursor may be incorporated 
into the nanoparticle binding ligand according to embodi 
ments of the present invention. In preferred embodiments, the 
precursor may be an organic group and/or may contain one or 
more heteroatoms (i.e., non-carbon atoms), such as sulfur, 
nitrogen, oxygen and/or phosphorus. Exemplary precursor 
groups include hydroxide, alkoxide, carboxylic acid, car 
boxylate ester, amine, nitro, polyethyleneglycol, sulfonic 
acid, sulfonate ester, phosphoric acid and phosphate ester. 
[0056] In a preferred embodiment, the solubilising ligand 
may be represented by Formula 1. 

[0057] Where X is a functional group that can bind to a 
nanoparticle With or Without further modi?cation (examples 
include iSRI (R1:H, alkyl, aryl), ‘0R2 (RziH, alkyl, 
aryl), iNR3R4 (R3 and/or R4:H, alkyl, aryl), 4CO2R5 
(R5:H, alkyl, aryl), iP(:O)OR6OR7 (R6 and/or R7:H, 
alkyl, aryl).); 
[0058] Y is a single bond or an alkyl, aryl, heterocyclic, 
polyethyleneglycol, a functionalised alkyl, aryl, heterocyclic, 
polyethyleneglycol, (examples of functional groups include 
halogen, ether, amine, amide, ester, nitrile, isonitrile, alde 
hyde, carbonate, ketone, alcohol, carboxylic acid, aZide, 
imine, enamine, anhydride, acid chloride, alkyne, thiol, sul 
?de, sulfone, sulfoxide, phosphine, phosphine oxide) any 
linker (e.g., a carbon, nitrogen, oxygen or sulfur atom; a 
substituted or unsubstituted, saturated or unsaturated ali 
phatic or alicyclic group; 
[0059] a substituted or unsubstituted aromatic group; or 
one or more ethylene oxide repeating units), or a crosslink 
able/polymerisable group (examples include carboxylic acid, 
amine, vinyl, alkoxysilane, epoxide); and 
[0060] Z is a solubilising group precursor that may be 
selected from the group of 4OR8 Where R8 is hydrogen or an 
alkyl group that may be substituted or unsubstituted, and/or 
saturated or unsaturated; iC(O)OR9 Where R9 is hydrogen, a 
substituted or unsubstituted, saturated or unsaturated ali 

Formula 1 
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phatic or alicyclic group, or a substituted or unsubstituted 
aromatic group; iNRloRll where R10 and R11 are indepen 
dently hydrogen, a substituted or unsubstituted, saturated or 
unsaturated aliphatic or alicyclic group, or a substituted or 
unsubstituted aromatic group, or R10 and R11 may be linked 
such that iNRloRl 1 forms a nitrogen-containing heterocy 
clic ring of any desirable siZe, e.g., a ?ve-, six- or seven 
membered ring; iN+Rl2R13Rl3R 4 Where R12, R13 and R14 
are independently hydrogen, a substituted or unsubstituted, 
saturated or unsaturated aliphatic or alicyclic group, or a 
substituted or unsubstituted aromatic group; iNOZ; 
%OCH2CH29;OR15 where R15 is hydrogen, a substituted or 
unsubstituted, saturated or unsaturated aliphatic or alicyclic 
group, or a substituted or unsubstituted aromatic group; 
iS(O)2ORl6 where R16 is hydrogen, a substituted or unsub 
stituted, saturated or unsaturated aliphatic or alicyclic group, 
or a substituted or unsubstituted aromatic group; and 
iP(ORl7)(ORl8)O where R17 and R18 are independently 
hydrogen, a substituted or unsubstituted, saturated or unsat 
urated aliphatic or alicyclic group, or a substituted or unsub 
stituted aromatic group. 
[0061] As mentioned above, conversion of the solubilising 
group precursor in the nanoparticle binding ligand to the 
solubilising group is intended to increase the ability of the 
ligand to solubilise the nanoparticles to Which it Will ulti 
mately become bound. The solubilising group generated from 
the solubilising group precursor therefore possesses higher 
nanoparticle solubilising ability than the precursor. While any 
appropriate solubilising group may be employed taking into 
account the above requirements, in a preferred embodiment 
the solubilising group is a charged or polar group, such as a 
hydroxide salt, alkoxide salt, carboxylate salt, ammonium 
salt, sulfonate salt or phosphate salt. 
[0062] The pre-modi?ed or activated nanoparticle binding 
ligand With Which nanoparticles may be contacted to increase 
their aqueous compatibility may be represented by the struc 
ture shoWn in Formula 2. 

X-Y-Z' Formula 2 

[0063] Where X andY are as de?ned above With respect to 
Formula 1, and Z' is a solubilising group, i.e., a group that can 
confer aqueous solubility to a nanoparticle to Which the 
ligand, X-Y-Z', is bound. Preferably Z' is a charged or polar 
group, such as, but not limited to, a hydroxide salt, alkoxide 
salt, carboxylate salt, ammonium salt, sulfonate salt, phos 
phate salt and the like. 
[0064] Step a of the method forming the ?rst aspect of the 
present invention thus involves converting the solubilising 
group precursor, Z, to the solubilising group, Z', using a 
suitable modifying agent as folloWs: 

Modifying 
4) X_Y—Z Agent 

[0065] Any desirable modifying agent may be used pro 
vided it effects appropriate conversion of the solubilising 
group precursor to the solubilising group. In a preferred 
embodiment, conversion of the solubilising group precursor 
is effected by treating the precursor With an ioniZing agent, 
that is, the modifying agent is an agent that ionises the solu 
bilising group precursor to generate an ionised solubilising 
group. 
[0066] The modifying agent may be a LeWis acid com 
pound (i.e., an electron pair acceptor) or a LeWis base com 
pound (i.e., an electron pair donor). Preferably conversion of 
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the solubilising group precursor is effected by treating the 
precursor With an organic base, such as an ammonium salt or 
an alkoxide salt. The ammonium salt may be an alkylammo 
nium salt, such as tetramethylammonium hydroxide, tetra 
ethylammonium hydroxide or tetrabutylammonium hydrox 
ide. An exemplary alkoxide salt is a metal alkoxide salt, such 
as lithium tert-butoxide, sodium tert-butoxide or potassium 
tertbutoxide. 
[0067] In an exemplary embodiment, the solubilising 
group precursor may be a sulfonic acid group, Which can be 
treated With an organic base, such as an alkylammonium salt, 
to generate a sulfonate salt solubilising group. 
[0068] Conversion of the solubilising group precursor to 
the solubilising group is at least partially effected before the 
nanoparticle binding ligand is exposed to the nanoparticle to 
be treated to increase the nanoparticle’s aqueous compatibil 
ity. While the solubilising group precursor conversion and 
nanoparticle treatment may be effected in the same reaction 
media or solvent, it is preferred that conversion of the solu 
bilising group precursor is carried out in a ?rst reaction media 
or solvent and the treatment of the nanoparticles With the 
nanoparticle binding ligand incorporating the solubilising 
group is effected in a separate second reaction media or 
solvent. 
[0069] In preferred embodiments of the present invention, 
the pre-modi?ed or activated nanoparticle binding ligand 
de?ned above in Formula 2 Qi-Y-Z'), may have the preferred 
structure shoWn in Formula 3. 

WSiY4CO2T Formula 3 

[0070] WhereY is as de?ned above With respect to Formu 
lae l and 2, and W and T are chemical groups or atoms 
suitable to coordinate the sulfur atom and carboxyl oxygen 
atoms respectively. 
[0071] Depending upon the nature of the conversion reac 
tion employed to convert the original solubilising group pre 
cursor (Z) to the solubilising group (Z' in Formula 2, iCOZT 
in Formula 3), W may be a hydrogen atom if, for example, the 
precursor Was treated With one equivalent of base (Formula 
3IHSiYiCO2T), or, if the precursor Was treated With tWo 
or more equivalents of base, W may be derived from the base 
used for the conversion reaction. By Way of example, W may 
be an ammonium cation (e.g., +N(Rl9)4 Where each R19 is 
separately selected from the group consisting of a hydrogen 
atom, a substituted or unsubstituted, saturated or unsaturated 
aliphatic group; a substituted or unsubstituted, saturated or 
unsaturated alicyclic group; and a substituted or unsubsti 
tuted aromatic group). In preferred embodiments, each R11 
may be an alkyl group (e.g., methyl, ethyl, propyl, butyl etc), 
a carbocyclic group (e.g., an aryl group), or a heterocyclic 
group (e.g., a heteroaryl group). In further preferred embodi 
ments, W may be a metal ion, such as, but not limited to, 
sodium, potassium, or lithium. 
[0072] In Formula 3, T may be derived from the base used 
for converting the solubilising group precursor (Z) to the 
solubilising group (Z'). By Way of example, T may be an 
ammonium cation (e.g., +N(R2O)4 Where each R20 is sepa 
rately selected from the group consisting of a hydrogen atom, 
a substituted or unsubstituted, saturated or unsaturated ali 
phatic group; a substituted or unsubstituted, saturated or 
unsaturated alicyclic group; and a substituted or unsubsti 
tuted aromatic group). Each R2O may be an alkyl group (e.g., 
methyl, ethyl, propyl, butyl etc), a carbocyclic group (e.g., an 
aryl group), or a heterocyclic group (e.g., a heteroaryl group). 
In further preferred embodiments, T may be a metal ion, such 
as, but not limited to, sodium, potassium, or lithium. 
[0073] It Will be appreciated from the foregoing that under 
certain circumstances, W and T may represent the same type 
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of chemical group that may, for example, be derived from the 
base used to convert the solubilising group precursor (Z) to 
the solubilising group (Z'). In the case Where tWo or more 
equivalents of a base, such as tetrabutylammonium hydrox 
ide, are used for the conversion reaction (Z to Z'), both W and 
T may be tetrabutylammonium cations. 
[0074] The propensity of sulfur to donate electrons into the 
vacant orbital(s) of a metal Will promote coordination of the 
preferred ligand compound (WSiYiCOZT) in Formula 3 
to the metal atoms/ions (examples include Zn, Cd, Zn2+, 
Cd2+) at the nanoparticle surface via the sulfur atoms, While 
the terminal carboxylate group Will be solvated by surround 
ing polar molecules (e.g., Water molecules) to render the 
nanoparticle aqueous compatible. 
[0075] In a particularly preferred embodiment, exempli?ed 
beloW, the pre-modi?ed ligand is a salt of a mercaptocarboxy 
lic acid, cysteine (further examples include, but are not lim 
ited to, mercaptopropanoic acid, mercaptohexanoic acid and 
mercaptooctanoic acid), in Which the acid has been treated 
With tWo equivalents of a base, tetrabutylammonium hydrox 
ide, to deprotonate both the carboxylic acid group and the 
thiol group. It Will be appreciated that one equivalent of base 
may be used, in Which case the functional group With the 
loWest pKa deprotonates preferentially. In the case of cys 
teine, the carboxylic acid group has a pKa of around 2 and the 
thiol group has a pKa of around 8 and so the carboxylic acid 
group deprotonates before the thiol group. 
[0076] The pre-formed carboxylate group of the mercapto 
carboxylate salt is solvated by Water molecules Which imparts 
the aqueous compatibility to the coated quantum dots. Pre 
forming the carboxylate salt avoids the need to deprotonate 
the carboxylic acid functionality by addition of a base post 
ligand exchange, that, as mentioned previously, is often det 
rimental to the quantum yield of the ?nal quantum dot. 
[0077] The carboxylate group may also provide appropri 
ate chemical functionality to participate in coupling/ 
crosslinking reaction(s), such as the carbodiimide mediated 
coupling betWeen a carboxylic acid and an amine, or to be 
coupled to other species including proteins, peptides, anti 
bodies, carbohydrates, glycolipids, glycoproteins and/or 
nucleic acids. 
[0078] In addition, any pendant functional group(s) of the 
mercaptocarboxylic acid (e.g., the amine group of cysteine) 
may participate in coupling/crosslinking reaction(s), for 
example the carbodiimide-mediated coupling betWeen a car 
boxylic acid and amine and the crosslinking of an amine With 
bis[sulfosuccinimidyl] suberate, or to couple With other spe 
cies of the kind mentioned above in respect of the carboxylate 
group, e.g., proteins, peptides etc. 
[0079] In the preferred embodiment Where tWo equivalents 
of base have been used, pre-forming the thiolate group of the 
mercaptocarboxylate salt may facilitate coordination of the 
ligand compound to the surface of the quantum dot. The 
sulfur atom of the thiolate group may chelate to the metal 
atoms/ions (examples include Zn, Cd, Zn2+, Cd2+) at the 
surface of the quantum dot, While the cation derived from the 
base (examples include +NMe4, +NBu4), Which Was initially 
associated With thiolate group, complexes With the counter 
atoms/ions (examples include S, Se, S2“, Se2_) at the surface 
of the quantum dot. Such complexation may provide the 
advantage of passivating the surface of the quantum dot. 
[0080] In preferred embodiments the ligand incorporating 
the solubilising group precursor is a mercaptocarboxylic 
acid. The mercaptocarboxylic acid may incorporate one or 
more ethylene oxide repeating units and/or optionally incor 
porates an amine or amide functional group. A particularly 
preferred solubilising group precursor has the formula 
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[0081] Where n is an integer up to around 2000, more pref 
erably up to around 1000 and still more preferably up to 
around 100. It is particularly preferred that n is in the range 
around 1 to around 2000, more preferably around 10 to 
around 500, and yet more preferably around 20 to around 100. 
In a preferred embodiment, and as employed in Examples 2 
and 3 described beloW, n is around 80. 
[0082] In alternative embodiments, the nanoparticle bind 
ing group, X in Formula 1 and 2 may be a multidentate group, 
i.e., a chemical group incorporating tWo or more atoms that 
can form a binding interaction, such as a dative bond, With 
atoms/ ions of the nanoparticle. Additionally or alternatively, 
the solubilising group, Z' in Formula 2 may be a multidentate 
group incorporating tWo or more atoms that can interact With 
the surrounding solvent. 
[0083] The or each multidentate group may incorporate one 
or more atoms, such as sulfur, oxygen, nitrogen or phospho 
rous atoms, and/or one or more groups such as iSRn 

(R2I:H, alkyl, aryl), 40R” (R22:H, alkyl, aryl), 
iNR23R24 (R23 and/or R24:H, alkyl, aryl), iCO2R25 
(R25:H, alkyl, aryl), iP(:O)OR26OR27 (R26 and/or 
R27:H, alkyl, aryl). Particularly preferred multidentate 
groups include thiol (iSH), hydroxyl (iOH), carboxyl 
(4CO2H) and phosphonyl groups (iP(:O)(OH)2). 
[0084] Examplary multidentate groups include but are note 
limited to those shoWn in FIG. 1 in Which: A is a functional 
group, such as SRZI, iORzz, iNR23R24, 4CO2R25, 
iP(:O)OR26OR27 as de?ned above; B is a ?rst suitable 
linking group, such as NH, 0, CH2; and D is a second suitable 
linking group, such as N, CH, C etc. 
[0085] Further examples of suitable multidentate groups 
may incorporate any one or more of the folloWing groups/ 
atoms Which may bind to a nanoparticle: functional groups 
such as ether, amine, amide, ester, nitrile, isonitrile, aldehyde, 
carbonate, ketone, alcohol, carboxylic acid, aZide, imine, 
enamine, anhydride, acid chloride, alkyne, thiol, sul?de, 
epoxide, sulfone, sulfoxide, phosphine, phosphine oxide, 
vinyl and/or alkoxysilane; heterocyclic groups incorporating 
one or more non-carbon atom; and/or halogen atoms. 
[0086] The method of the present invention may be used to 
render nanoparticles, particularly but not exclusively semi 
conductor quantum dots, aqueous compatible by partial or 
substantially complete substitution of any surface bound lipo 
philic ligand molecules With a pre-modi?ed ligand compound 
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Which has been “activated” to afford aqueous compatibility 
prior to binding to the nanoparticle surface. Alternatively or 
additionally the pre-modi?ed ligand may interchelate exist 
ing ligands bound to the nanoparticle surface. It Will be under 
stood that nanoparticles treated With the ligand compound 
according to the present invention may have surface ligands 
that differ not only according to the nature of the nanoparticle 
binding group (e.g., X in Formulae l and 2, or WS in Formula 
3), linking groupiif present, (e.g.Y in Formulae l, 2 and 3), 
and/or solubilising group (e.g., Z' in Formula 2, or CO2T in 
Formula 3), but that there may be regions of the surface of the 
nanoparticle to Which no ligands are bound and/ or regions to 
Which ligands (e.g. lipophilic ligands) remain bound from the 
original nanoparticle synthesis procedure. 
[0087] As discussed above, in embodiments of the method 
of the present invention, the solubilising group precursor is 
converted to the solubilising group before it is bound to the 
nanoparticle surface. This therefore avoids or reduces the 
need for post-binding surface treatment procedures, Which 
can often result in too much or too little ligand modifying 
agent being added. Embodiments of the present invention 
thus facilitate accurate control of the amount of the ligand 
modifying agent added. As a result, it may be possible to 
ensure that a su?icient amount of the ligand modifying agent 
is added to produce the desired quantity of solubilising agent, 
While also ensuring that the material of the nanoparticles is 
protected from potentially harmful exposure to the ligand 
modifying agent. Moreover, the resulting nanoparticles With 
pre-formed solubilising groups attached can be puri?ed and 
analysed using conventional solution phase analytical tech 
niques. 
[0088] Quantum dots derivatised With a ligand molecule of 
embodiments of this invention preferably have a quantum 
yield at least equal to, and more preferably greater than, the 
quantum yield of the quantum dot sample before ligand 
exchange. In addition, these aqueous compatible quantum 
dots have enhanced stability compared With the parent quan 
tum dot sample When irradiated With uv-light (365 nm) aero 
bically. 
[0089] It Will be appreciated that the scope of the present 
invention is not limited to the preferred embodiments 
described above and that the embodiments may be modi?ed 
Without departing from the basic concept underlying each 
aspect of the present invention de?ned above. 

EXAMPLES 

Example 1 

1.1 Preparation of CdSe/CdZnS/ZnS/HDA-TOPO Nanopar 
ticles 

[0090] 

Synthesis ofCdSe cores 

Material Amount Moles MW Grade 

Capping agent 

HDA 50 g 0.21 241.46 90% 

Reagents 

3.034 X 10*3 3295.44 

2 X 10*3 78.96 
1 gram (5;) 
4 milliliter 

(I111) 
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Synthesis ofCdSe cores 

Material Amount Moles MW Grade 

TOP/Se (0.2M) 12 ml 2.4 x 10’3 
CdO 1.284 g 0.01 
Oleic Acid 19.1 ml 0.059 
ODE 30.9 ml 0.096 
Solvents 

78.96 
128.41 
282.46 
252.48 

Methanol 
Chloroform 

80 ml 
10 ml 

99% 
90% 
90% 

Anhydrous 
Anhydrous 

[0091] In one embodiment, the quantum dot nanoparticles 
Were synthesised by loading hexadecylamine (50 g, 0.21 
moles) into a 250 ml three-neck round bottomed ?ask, 
equipped With a condenser and a thermometer. The hexade 
cylamine Was degassed under vacuum (110° C., 1 hour). 
[0092] The hexadecylamine Was then cooled (90° C.) and 
CdSe cluster ([Et3NH]4CdlOSe4(SPh)16, 0.25 g, moles) and 
trioctylphosphine/Se (0.5 M, 3 ml) Were added. Once the 
solid had dissolved the temperature Was increased (160° C.) 
and the solution left stirring under Nzcg) (30 mins). 
PLmax:495 nm. 
[0093] The temperature Was increased (170° C.) and the Cd 
precursor (1 ml) and trioctylphosphine/Se (0.2 M, 1 ml) Were 
mixed together and added drop-Wise sloWly to the reaction 
mixture and stirred (30 mins). PL :513 nm. The solution max 

Was then cooled (120° C.) and annealed overnight. 
[0094] The temperature Was increased (180° C.) and a mix 
ture of Cd precursor solution (2 ml) and trioctylphosphine/Se 
(0.2 M, 2 ml) Was added dropWise sloWly to the reaction 
mixture and then stirred (30 mins). PLmax:528 nm. 
[0095] The temperature Was increased (190° C.) and a mix 
ture of the Cd precursor (2 ml) and trioctylphosphine/Se (0.2 
M, 2 ml) Was added drop-Wise sloWly to the reaction mixture 
and stirred (30 mins) PLmax:540 nm. 
[0096] The temperature Was increased (200° C.) and a mix 
ture of Cd precursor solution (2 ml) and trioctylphosphine/Se 
(0.2 M, 2 ml) added drop-Wise sloWly to the reaction mixture 
and stirred (1 hr 30 mins) PLmax:560 nm. 
[0097] The reaction mixture Was cooled (120° C.) and 
annealed overnight. The reaction mixture Was cooled further 
(50° C.) and anhydrous methanol (80 ml) added to precipitate 
the nanoparticles that Were isolated by centrifugation and 
dissolved in anhydrous chloroform (10 ml). 

-continued 

Shelling ofCdSe Cores With CdZnS 

Material Amount Moles MW Grade 

S o lvents 

Methanol 
Chloroform 

70 ml +40 ml 
10 ml 

Anhydrous 
Anhydrous 

[0098] 20 g HDA and 15 g TOPO Was loaded into a 250 ml 
three-neck round bottomed ?ask, equipped With a condenser 
and a thermometer. The HDA/TOPO Was degassed under 
vacuum at 110° C. for 1 hour. 

[0099] The HDA/TOPO Was then cooled to 90° C. and 
CdSe cores (in 10 ml chloroform) Were added. The chloro 
form Was removed under vacuum. 

[0100] The temperature Was increased to 210° C. and 2 ml 
of the CdZn (0.1 M) precursor solution and S/ODE Was added 
sloWly drop-Wise and then the solution Was left stirring for 10 
mins. 

[0101] This Was repeated tWice more (a total of 6 ml each of 
CdZn precursor and S/ ODE added) and then the solution Was 
left annealing at 210° C. for 30 mins. 

[0102] The solution Was then cooled to 50° C., anhydrous 
methanol (70 ml) Was added and isolated the solid using 
centrifugation. The solid Was then Washed With anhydrous 
methanol (40 ml). The solid Was re-dissolved in anhydrous 
chloroform (10 ml). PLmax:596 nm. 

Shelling ofCdSe/CdZnS With ZnS 

Material Amount Moles MW Grade 

Shelling of CdSe Cores With CdZnS Capping ag?nt 

Material Amount Moles MW Grade HDA 20 g 241-46 90% 
TOPO 40 g 

Capping agent Reagents 

HDA 20 g 241.46 90% ZnEtZ/TOP (0.25 M) 8 ml 266.53 
TOPO (TMS)2S/TOP 8 ml 183.46 
Reagents (0.25 M) 

Solvents 
Cd(Ac)2°2H2O 0.68 g 2.55 x 10’3 266.52 
Zn(Ac)2 0.46 g 2.55 x 10’3 183.46 Methanol 20 ml Anhydrous 
ODE 41 ml 252.48 90% Isopropanol 60 ml + 40 ml Anhydrous 
Oleic Acid 9 ml 0.036 282.46 90% Toluene 10 ml Anhydrous 
S/ODE (0.1M) 6 ml 6 x 10’3 32.065 
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[0103] 20 g HDA and 40 g TOPO Was loaded into a 250 ml 
three-neck round bottomed ?ask, equipped With a condenser 
and a thermometer. The HDA/TOPO Was degassed under 
vacuum at 110° C. for 1 hour. 
[0104] The HDA/TOPO Was then cooled to 90° C. and the 
CdSe/CdZnS cores (in 10 ml chloroform) added. The chlo 
roform Was removed under vacuum. 

[0105] The solution Was then heated to 1900 C. and ZnEt2/ 
TOP (0.25 M) and (TMS)2_S/TOP (0.25 M) Were added in 
alternate 0.5 ml portions starting With ZnEt2, until 8 ml of 
each solution had been added, leaving at least 10 mins 
betWeen each addition. 
[0106] The solution Was then cooled to 120° C. and left 
annealing for 1 hr. The solution Was then cooled to 50° C., 
anhydrous methanol (20 ml) and anhydrous isopropanol (60 
ml) added, and the solid isolated using centrifugation. The 
solid Was then Washed With anhydrous isopropanol (40 ml) 
and dissolved in anhydrous toluene (15 ml). 

Preparation of Coring and Shelling Solutions 

[0107] Cadmium Precursor Solution (0.2 M) 
[0108] Loaded 1.284 g CdO, 19.1 ml Oleic acid and 30.9 ml 
ODE into a three-neck round bottomed ?ask and heated to 
250° C. under N2. Maintained the temperature until solution 
Went colourless (~20 mins) and then cooled ready for use. 
(Solution Was kept Warm With very gentle heating and stirring 
as it solidi?es at room temperature) 
[0109] CdZn Precursor Solution “Shelling solution” (0.08 
M) 
[0110] Loaded 0.68 g Cd(Ac)2.2H20, 0.46 g Zn(Ac)2, 41 
ml ODE and 9 ml Oleic acid into a round bottomed ?ask and 
heated gently under vacuum until all of the solid dissolved. 
[0111] Solution Was kept Warm With very gentle heating 
and stirring for use, as it solidi?es at room temperature. 

1.2 Preparation of Aqueous Compatible CdSe/CdZnS/ZnS 
Quantum Dots 

[0113] A OD surface binding ligand molecule Was synthe 
sised by addition of an aliquot of tetrabutylammonium 
hydroxide methanol solution (1 M, 1642.7 [11, 1.642792 
mmol) to cysteine (0.1026 g, 0.821396 mmol) and homoge 
nised to provide the corresponding salt (Bu4N+SCH2CH 
(NH2)CO2+NBu4, 0.0005 mmol/ul). 
[0114] An aliquot of the ligand molecule (Bu4N+_SCH2CH 
(NH2)CO2_+NBu4) (0.001 -0.2 mmol) Was added to the CdSe/ 
CdZnS/ZnS/HDA-TOPO quantum dots (125 nmol) (pre 
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pared as described above; quantum yield:49%, kmaxe'":620 
nm, FWHMI31 nm) in chloroform to give a solution With a 
total volume of 1000 [1.1. The reaction mixture Was homoge 
nised and then incubated (4 hours). The quantum dots pre 
cipitated from the reaction mixture, Which Was subsequently 
centrifuged (10,000 RPM, 5 mins). The supernatant Was 
separated from the pellet, Which Was dispersed in Water (400 
[1.1) to give a clear solution (quantum yield:40%). The sample 
Was then annealed by irradiation (39 hours) With uv-light (365 
nm) (quantum yield:55%). 
[0115] It can be observed from the results presented above 
that the quantum yield of the quantum dots fell by only 9% 
from 49% to 40% after binding of the preformed solubilising 
ligand (Bu4 +_SCH2CH(NH2)CO2_"NBu4). This equates to 
a reduction in quantum yield of only around 18%, compared 
to a reduction of around 50% to 100% Which is typically 
observed after modifying quantum dots using prior art post 
ligand binding surface treatment methods. 

Example 2 

Preparation of Aqueous Compatible lnP/ZnS/ZnO 
Quantum Dots 

Preparation of Surface Binding Ligand 

[0116] 

o o 

A OM HO-+NBu4/MeOH —> 

HS n OH 

0 o 

M /['\/ OM HS g n O'+NBu4 

[0117] A OD surface binding ligand molecule Was synthe 
sised by addition of an aliquot of a solution of tetrabutylam 
monium hydroxide in methanol (1 M, 14 [1.1, 0.014 mmol) to 
a solution of HSiC2H44CONHi(PEG)_8OiC3H6i 
COZH (MWt:3711, 0.0522 g, 0.014 mmol) in methanol (986 
[1.1) and homogenised to provide the corresponding salt 
HS%2H4iCONHi(PEG)_8O%3H6iCO2_"NBu4 
(0.000014 mmol/ul). 

Ligand Binding 

[0118] An aliquot of the ligand molecule HSiC2H4i 
CONHi(PEG)_8O%3H6%O2_"NBu4 (269.4 [11, 0.00377 
mmol) Was added to lnP/ZnS/ZnO quantum dots (4 mg; 
PL:612 nm; quantum yield:50%; FWHMI95 nm; 
TGA:78% in organic material) in chloroform to give a solu 
tion With a total volume of 4000 [1.1. The reaction mixture Was 
homogenised and incubated (4 hours). 
[0119] The reaction mixture Was concentrated under 
reduced pressure and then dissolved in Water (1000 [1.1) and 
?ltered through a PTFE syringe ?lter (0.2 pm) to provide a 
homogenous transparent red coloured solution (quantum 
yield:21%; emission spectrum shoWn in FIG. 8). FIGS. 10A 
and 10B are photographs of HSiC2H44CONHi(PEG)_ 
so4C3H64CO2_"NBu4 modi?ed quantum dots in Water 
irradiated With ambient light (FIG. 10A) and 365 nm light 
(FIG. 10B). 
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Example 3 

Preparation of Aqueous Compatible lnP/ZnS/ZnO 
Quantum Dots 

Preparation of Surface Binding Ligand 

[0120] 

[0121] A QD surface binding ligand molecule Was synthe 
sised by addition of an aliquot of a solution of tetrabutylam 
monium hydroxide in methanol (1 M, 26.8 [1.1, 0.0268 mmol) 
to a solution of HS4C2H4iCONHi(PEG)_80—C3H6i 
COZH (MWt:3711, 0.0499 g, 0.0134 mmol) in methanol 
(973 .2 [1.1) and homogenised to provide the corresponding salt 
Bu4 +_SiC2H4%ONHi(PEG)_8OiC3H6%O2_+ 
NBu4 (0.0000134 mmol/ [1.1). 

Ligand Binding 
[0122] An aliquot of the resultant ligand molecule Bu4 "’ 
S%2H4*CONH*(PEG)_8O%3H6*CO2_"NBu4 
(281.3 [1.1, 0.00377 mmol) Was added to lnP/ZnS/ZnO quan 
tum dots (4 mg; PL:612 nm; quantum yield:50%; 
FWHMI95 nm; TGA:78% in organic material) in chloro 
form to give a solution With a total volume of 4000 [1.1. The 
reaction mixture Was homogenised and incubated (4 hours). 
[0123] The reaction mixture Was concentrated under 
reduced pressure and then dissolved in Water (1000 [1.1) to 
provide a homogenous transparent red coloured solution 
(quantum yield:19%; emission spectrum shoWn in FIG. 9). 
[0124] It Will be seen that the techniques described herein 
provide a basis for improved production of nanoparticle 
materials. The terms and expressions employed herein are 
used as terms of description and not of limitation, and there is 
no intention in the use of such terms of and expressions of 
excluding any equivalents of the features shoWn and 
described or portions thereof. Instead, it is recogniZed that 
various modi?cations are possible Within the scope of the 
invention claimed. 

What is claimed is: 
1. A method for producing aqueous compatible nanopar 

ticles using a nanoparticle binding ligand incorporating a 
nanoparticle binding group and a solubilising group precur 
sor, the method comprising: 

a. converting the solubilising group precursor to a solu 
bilising group, and 

b. contacting nanoparticles With said binding ligand incor 
porating said solubilising group so as to effect binding of 
said binding ligand to said nanoparticles and thereby 
produce said aqueous compatible nanoparticles. 

2. A method according to claim 1, Wherein said conversion 
of the solubilising group precursor is effected by contacting 
the nanoparticle binding ligand With a suf?cient amount of a 
precursor modifying agent to convert substantially all of the 
solubilising group precursors present in said binding ligand to 
solubilising groups. 
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3. A method according to claim 1, Wherein said conversion 
of the solubilising group precursor is effected by contacting 
the nanoparticle binding ligand With an approximately sto 
ichiometric amount of a precursor modifying agent based on 
the amount of solubilising group precursor present in said 
binding ligand. 

4. A method according to claim 1, Wherein said conversion 
of the solubilising group precursor is effected by treating said 
precursor With an ioniZing agent. 

5. A method according to claim 1, Wherein said conversion 
of the solubilising group precursor is effected by treating said 
precursor With at least one of a LeWis acid or a LeWis base 
compound. 

6. A method according to claim 1, Wherein said conversion 
of the solubilising group precursor is effected by treating the 
precursor With an organic base. 

7. A method according to claim 1, Wherein said conversion 
of the solubilising group precursor is effected by treating the 
precursor With at least one of an ammonium salt or an alkox 
ide salt. 

8. A method according to claim 7, Wherein said ammonium 
salt is selected from the group consisting of tetramethylam 
monium hydroxide, tetraethylammonium hydroxide and tet 
rabutylammonium hydroxide. 

9. A method according to claim 1, Wherein said conversion 
of the solubilising group precursor is effected in a ?rst solvent 
and said contacting of the nanoparticles With the nanoparticle 
binding ligand incorporating said solubilising group is 
effected in a separate second solvent. 

10. A method according to claim 1, Wherein the solubilis 
ing group precursor comprises an ionisable group. 

11. A method according to claim 1, Wherein the solubilis 
ing group precursor comprises one or more atoms selected 
from the group consisting of sulfur, nitrogen, oxygen and 
phosphorous. 

12. A method according to claim 1, Wherein the solubilis 
ing group precursor is selected from the group consisting of 
hydroxide, alkoxide, carboxylic acid, carboxylate ester, 
amine, nitro, polyethyleneglycol, sulfonic acid, sulfonate 
ester, phosphoric acid and phosphate ester. 

13. A method according to claim 1, Wherein the solubilis 
ing group is a charged or polar group. 

14. A method according to claim 1, Wherein the solubilis 
ing group is selected from the group consisting of a hydroxide 
salt, alkoxide salt, carboxylate salt, ammonium salt, sulfonate 
salt and phosphate salt. 

15. A method according to claim 1, Wherein the nanopar 
ticle binding group is a LeWis base. 

16. A method according to claim 1, Wherein the nanopar 
ticle binding group comprises an atom selected from the 
group consisting of sulfur, nitrogen, oxygen and phospho 
rous. 

17. A method according to claim 1, Wherein the nanopar 
ticle binding group comprises a species selected from the 
group consisting of a thio group, an amino group, an oxo 
group and a phospho group. 

18. A method according to claim 1, Wherein said binding 
group and said solubilising group are connected via a linker. 

19. A method according to claim 18, Wherein said linker is 
selected from the group consisting of a covalent bond; a 
carbon, nitrogen, oxygen or sulfur atom; a substituted or 
unsubstituted, saturated or unsaturated aliphatic or alicyclic 
group; and a substituted or unsubstituted aromatic group. 
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20. A method according to claim 18, wherein said linker 
incorporates one or more ethylene oxide repeating units. 

21. A method according to claim 20, Wherein said linker 
incorporates up to around 2000 ethylene oxide repeating 
units. 

22. A method according to claim 20, Wherein said linker 
incorporates around 20 to around 100 ethylene oxide repeat 
ing units. 

23. A method according to claim 1, Wherein said ligand 
incorporating the solubilising group precursor is a mercapto 
carboxylic acid. 

24. A method according to claim 23, Wherein said mercap 
tocarboxylic acid incorporates one or more ethylene oxide 
repeating units. 

25. A method according to claim 24, Wherein said mercap 
tocarboxylic acid incorporates up to around 2000 ethylene 
oxide repeating units. 

26. A method according to claim 24, Wherein said mercap 
tocarboxylic acid incorporates around 20 to around 100 eth 
ylene oxide repeating units. 

27. A method according to claim 23, Wherein said mercap 
tocarboxylic acid incorporates a functional group selected 
from the group consisting of an amine group and an amide 
group. 
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28. A method according to claim 1, Wherein said nanopar 
ticles contacted by the binding ligand are semiconductor 
nanoparticles. 

29. A method according to claim 1, Wherein said nanopar 
ticles contacted by the binding ligand are core, core/ shell or 
core/multishell nanoparticles. 

30. A method according to claim 1, Wherein said nanopar 
ticles contacted by the binding ligand comprise one or more 
semiconductor materials selected from the group consisting 
of CdS, CdSe, CdTe, ZnS, ZnSe, ZnTe, lnP, lnAs, lnSb, AlP, 
AlS, AlAs, AlSb, GaN, GaP, GaAs, GaSb, PbS, PbSe, Si, Ge, 
MgS, MgSe, MgTe, and combinations thereof. 

31. An aqueous compatible nanoparticle produced by 
using the method according to claim 1, said aqueous compat 
ible nanoparticle comprising a nanoparticle bound to a nano 
particle binding ligand, said ligand incorporating a nanopar 
ticle binding group and a solubilising group. 

32. An aqueous compatible nanoparticle comprising a 
nanoparticle bound to a mercaptocarboxylic acid incorporat 
ing one or more ethylene oxide repeating units. 

* * * * * 


